Transposable Elements (TEs) are mobile DNA sequences that make up significant fractions of amniote genomes. However, they are difficult to detect and annotate ab initio because of their variable features, lengths and clade-specific variants. We have addressed this problem by refining and developing a Comprehensive ab initio Repeat Pipeline (CARP) to identify and cluster TEs and other repetitive sequences in genome assemblies. The pipeline begins with a pairwise alignment using krishna, a custom aligner. Single linkage clustering is then carried out to produce families of repetitive elements. Consensus sequences are then filtered for protein coding genes and then annotated using Repbase and a custom library of retrovirus and reverse transcriptase sequences. This process yields three types of family: fully annotated, partially annotated and unannotated. Fully annotated families reflect recently diverged/young known TEs present in Repbase. The remaining two types of families contain a mixture of novel TEs and segmental duplications. These can be resolved by aligning these consensus sequences back to the genome to assess copy number vs. length distribution. Our pipeline has three significant advantages compared to other methods for ab initio repeat identification: 1) we generate not only consensus sequences, but keep the genomic intervals for the original aligned sequences, allowing straightforward analysis of evolutionary dynamics, 2) consensus sequences represent low-divergence, recently/currently active TE families, 3) segmental duplications are annotated as a useful by-product. We have compared our ab initio repeat annotations for 7 genome assemblies (1 unpublished) to other methods and demonstrate that CARP compares favourably with RepeatModeler, the most widely used repeat annotation package. Lu et.al 1/21 Transposable elements (TEs) are interspersed repetitive DNA sequences, also known as 'jumping genes', 1 because of their ability to replicate in to new genomic locations. TEs account for a significant proportion 2 of all eukaryotic genomes. Previous studies have found that TE insertions have contributed to new genes, 3 coding sequences and regulatory regions. They also play an important role in genome evolution. Therefore, 4
Introduction 12
Thousands of genomes have been sequenced thanks to decreased cost and increased speed of DNA se- 13 quencing methods. The explosion of genome sequences has expanded our knowledge of repetitive DNA, 14 which is an important component of the genomes of almost all eukaryotes. Repetitive DNA is made up 15 of sequences that have been duplicated. Some repetitive elements are able to replicate to new genomic 16 locations and are referred to as transposable elements (TEs). TEs are known to account for a significant 17 proportion of genome sequences in eukaryotes, varying from a few percent to the majority of the genome. 18 For example, around 50% of the human [1] and 85% of the maize genome are TEs [2] . Therefore, it is 19 important to have an efficient and accurate ab initio method of identifying and annotating repeats in 20 newly sequenced genomes. SINEs are much shorter; usually less than 500 base pairs. The 5 region contains an internal RNA 66 polymerase III promoter and the 3 end contains an oligo dA-rich tail. Alu elements have no ORFs, 67 therefore they have no coding capacity and are non-autonomous TEs. Because they share functional 68 sequences at their 3 with LINEs, they borrow the retrotransposition molecular machinery encoded by 69 LINEs that bind to their 3 end [1] .
71
Repeats are computationally difficult to detect and annotate ab initio because of their abundance, 72 varied features/sequence signatures, many length variants (truncated versions) and clade specificity. Many 73 computational tools have been developed to detect TEs, and the most commonly used approaches can be 74 divided into three categories: 75 1) Library-based methods (e.g. RepeatMasker [15] ), that use sequence alignment to search a genome 76 for homologs of known repeats from a database such as Repbase [16] , Repbase is a manually curated 77 repeat library of species-specific and pan-species TEs, and cannot be used to identify segmental duplications. 78 79 2) Signature-based methods, that rely on the fact that each class of TE has a set of unique sequence 80 features such as target site duplications, a poly-A tail, terminal inverted repeats, etc... These methods 81 search for the sequence signatures of the repeat class of interest (e.g. LTR STRUC [17] ). However, because 82 repeat types are so varied, this method is usually only able to identify specific types of TE. org/RepeatModeler/), REPET [18] , Red [19] and PILER [20] . RepeatModeler (RMD) is a de novo 86 package that has been widely used for repeat identification and modeling that combines different programs: 87 RepeatMasker, RepeatScout [21] , RECON [22] and TRF (Tandem Repeat Finder) [23] . RepeatMasker 88 identifies and masks interspersed repeats using curated libraries of consensus sequences supported by 89 Dfam; Dfam contains entries corresponding to all Repbase TE entries, and each Dfam entry is represented 90 by a profile hidden Markov model. RECON evaluates pair-wise similarities to build repeat consensus 91 sequences. RepeatScout identifies and uses highly over-represented k-mers as seeds that are extended to 92 produce multiple sequence alignments. However, RMD doesn't identify the individual sequences used to 93 derive the consensus sequences; making it impossible to confirm or assess the accuracy of the consensus 94 sequences, or to directly analyse the repeat instances in the genome they are derived from. REPET is a package that requires a local aligner, three clustering tools (RECON, PILER and 112 GROUPER [24] ) and a knowledge/library based annotation pipeline [25] . REPET produces a very 113 comprehensive output of repeat annotations, but excludes segmental duplications, is complex, requires 114 genome annotation of gene models and is computationally expensive.
116
In order to address these limitations, we have created a comprehensive ab initio repeat pipeline 117 (CARP) for identifying species-specific TE elements with high sensitivity and accuracy that deals with 118 both TEs and segmental duplications. Our method also provides a full audit trail that links identified 119
repeat sequences (and their genome intervals) to their families and consensus sequences. This permits 120 direct evolutionary analysis of highly similar TE families. For a diagrammatic overview of our method for de novo discovery and annotation of repetitive elements 124 from genome sequences see ( Figure 1 ). fed into CENSOR to annotate the repeat content for each genome.
166

Identification Of Novel Repeat Sequences From Tested Genomes
167
In order to explore the unclassified consensus sequences generated by CARP, we extracted all unclassified 168
repeat sequences from the seven genomes, and the R package ggplot2 was used to visualise their length 169 distribution with respect to copy number.
170
For high copy number ( >2,000 copies), a coverage plot was used to investigate the positional distribution of 171 genomic sequence fragments with respect to the unclassified consensus sequences. BLASTN and CENSOR 172
were further used to characterise the consensus sequences from the coverage peaks of 5 unclassified 173
consensus sequence examples found in the bearded dragon coverage plot.
174
Human (GRCh37) segmental duplication coordinates were also downloaded (http://humanparalogy.gs. 175
washington.edu/build37/build37.htm) and BedTools [32] was used to merge the overlapping intervals 176 from this data. We then used the human unclassified consensus sequences generated from both our ab 177 initio method and RepeatModeler as libraries to run CENSOR against the merged segmental duplication 178 data.
179
Dendrogram construction from echidna nucleotide L2 sequences 180 Full-length echidna L2 consensus sequences (2∼4kb) generated from CARP and RMD were extracted 181 respectively, as well as the genome intervals that linked to the L2 consensus sequences from CARP. We 182 then globally aligned the resulting sequences using MUSCLE (-maxiters 2). Alignments were trimmed 183
with Gblocks [33] to remove large gaps (default parameters, allowed gap postions: with half often 5 truncated, generating many insertion length variants and because consensus generation is based on 217 alignment pairs that are single-linkage clustered with a length constraint (within 95% of the longest family 218 member length). By comparing the repeat consensus sequences generated from CARP and RMD, we can 219 see that CARP identified many more repeat sub-families, in contrast to RMD, which only generated a 220 small number of broad consensus sequences. The latter are useful for masking, but are not as useful for 221 studying TE evolution. whereas no SINE consensus sequences were produced by RepeatModeler in any of the species we tested 226 (see Table 2 ). Based on this result, CARP was more sensitive for detecting SINEs compared to RMD. 227 CARP generated many more consensus sequences than RMD and this is a function of the single linkage 228 clustering used to identify families. Because many LINE insertions are 5' truncated, leading to vari-229 able insertion sizes with a common 3' end, the requirement for family members to be at least 95% as 230 long as the longest family member means that many clusters are created across the insertion size continuum. 231 232 CENSOR was used to annotate the repeat content in our data set of seven species because it uses minimal 234 post-alignment processing of hits (see Table 3 ). In order to get a comprehensive annotation of repeats, we 235 used a combination of the Repbase 'Vertebrate' library and repeat consensus sequences generated from 236 CARP or RMD. Because CENSOR annotates based on the best hit, combining our consensus sequences 237
with Repbase sequences allows annotation of genomic intervals most similar to either recent/less diverged 238 repeats or Repbase repeats. As seen from Table 3 , CARP performed consistently well in identifying and 239
annotating repeats across all seven species (more detail in Supplmentary table S5∼11 ). these repeats must either be novel transposable elements, or repeated sequences that are not transposable. 245
In Table 3 we have labeled the unclassified repeat contribution to the genomes as segmental duplications 246
based on their properties (see below). we plotted the log10 transformed copy number of the unclassified CENSOR hits against their log10 trans-251 formed length for all seven genomes (see Figure 2 ). For both RMD and CARP unclassified sequences in 252
all seven species, copy number increased with length, as determined by the regression line ( Supplementary 253   table S12 ). However, CARP unclassified sequences were generally present at much lower copy number, 254 a strong indication of segmental duplication. The small number of high copy number (>2000) CARP 255 unclassified sequences were examined for the presence of either novel TEs or partial TEs. In order to determine if the small number of unclassified CENSOR hits with copy numbers >2000 were 258
Lu et.al 12/21 novel or partially annotated TEs, we used coverage plots for the CARP unclassified consensus sequences to 259 look for high copy number subsequences with TE properties. Figure 3 shows the top 5 high copy number 260 CARP unclassified consensus sequences from bearded dragon as an example. BLASTN and CENSOR 261 annotations were also used to characterize these consensus sequences in terms of TE or gene model homol-262 ogy. From Figure 3 we can see that coverage plots for high copy number CARP unclassified CENSOR hits 263 were of two types: those incorporating high copy subsequences ( Figure 3A ,C,E) and those with uniform 264 high coverage ( Figure 3B,D) . Close examination of the high copy subsequences from Figure 3A ,C,E show 265 that known TE annotation cannot explain the high copy number subsequences detected in these families. 266
Because these three consensus sequences were derived from families with a small number of members, 267
the observed high copy subsequences may indicate similarity to unclassified TEs or TE fragments that 268 are present as part of a small number of highly conserved segmental duplications. For the uniform high 269 coverage family 0309690 ( Figure 3B ) Based on the above results, we conclude that the vast majority of unclassified consensus sequences 275 represent segmental duplications. We have therefore labeled these annotations accordingly in Table 3 . In 276 our final annotation, significant fractions of the genomes from our seven test species were annotated as 277 SD, particularly in bearded dragon (24.68%), anolis (12.02%) and echidna (12.60%) (see Table 3 ).
279
Because the human genome has the best SD annotation of our seven species, we compared segmental 280 Because CARP enabled us to identify and classify recently diverged repeats, we were able to determine 287 whether those repeats were consistent with recent TE activity/family expansion. We used the echidna to 288 illustrate this, as this is the first repeat identification and annotation of the echidna genome. Coverage plot of the top 5 high copy CARP unclassified consensus sequences from the bearded dragon. A) CENSOR and BLASTN annotation of the peak coverage region in unclassified family 015220; B) CENSOR and BLASTN annotation of the peak coverage region in unclassified family 0309690; C) CENSOR and BLASTN annotation of the peak coverage region in unclassified family 127805; D) CENSOR and BLASTN annotation of the peak coverage region in unclassified family 137078; E) CENSOR and BLASTN annotation of the peak coverage region in unclassified family 187168. The number of family members identified by krishna/igor used for consensus sequence generation is shown in the upper left corner of each panel.
are the most abundant and active repeats in monotremes (see Supplementary Table S9 ). This is in contrast 291 to metatheria and eutheria (marsupials and placentals) where they are inactive due to extinction 60-100 292
Myr ago.
294
L2s were defined as potentially active if they contained an intact ORF2 (regardless of the state 295 of ORF1), as this meant that they were capable of either autonomous retrotransposition [38] and/or 296 mobilisation of SINEs [39] . CARP identified numerous long L2 elements (2∼4kb) in the echidna genome. 297 Lu et.al 14/21
More than 66% (110/166) of these were potentially active based on the above criteria ( Figure 4A ) and 298 some clusters of potentially active elements at the tips of short branches, were consistent with "hot" or 299 hyperactive elements. This differed significantly from the RMD result, which generated only four long 300 consensus sequences ( Figure 4C ).
302
It is worth noting that the Repbase annotation for L2s puts the full-length platypus L2 consensus 303 sequences at 5kb long. However, based on both the CARP and RMD identification outputs, L2 elements 304 in echidna and platypus were significantly shorter, at 3kb, with the longest one we could find (in the 305 platypus genome) 3,110bp in length. and demonstrated that it performs as well or better than RepeatModeller, the most commonly used ab 352 initio TE annotation package.
353
Limitation: Our approach is limited by memory requirements and runtime. However, as hardware improves 354 and becomes less expensive, these limitations will become less of an issue. Shows the top 5 highest copy number (>2,000 copies) unclassified consensus sequences coverage plot in 365 the human genome. 366 S1 Appendix. CARP documentation. Gives a detailed account of how to use our ab initio method 367 to identify and annotate TEs from a genome assembly, including the benchmarks used for the seven 368 species in this report. 369 S1 and submitter for all the genomes tested for our ab initio method. Genomes that were acquired through 371 private collaboration (not publicly avaiable) are marked as 'Private' in the source column. 372 Lu et.al 17/21
S2 Table. Assembly statistics. Shows the systematic name, total sequence length, scaffold N50, 373 contig N50 and assembly level.
374
S3 Table. Assembly method and coverage. Shows the systematic name, assembly method, se-375 quencing techonology and estimated genome coverage for the seven genomes in this study.
376
S4 Table. Bechmarks for each methods. Here we show the compute time used for the seven tested 377 species with CARP and RMD.
378
S5-11 Table. Repeat content in seven target species. Here we show the proportion and copy 379 number of each repeat class in chicken, anole, bearded dragon, opossum, platypus, echidna and human. 380
